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Initiation of infection by herpes family viruses involves a step in which most of the virus tegument
becomes detached from the capsid. Detachment takes place in the host cell cytosol near the virus entry
site and it is followed by dispersal of tegument proteins and disappearance of the tegument as a distinct
entity. Here we describe the results of experiments designed to test the idea that the reducing
environment of the cytosol may contribute to tegument detachment and disassembly. Non-ionic
detergent was used to remove the membrane of puriﬁed herpes simplex virus under control and
reducing conditions. The effects on the tegument were then examined by SDS-PAGE and electron
microscopy. Protein analysis demonstrated that most major tegument proteins were removed under
both oxidizing and reducing conditions except for UL49 which required a reducing environment. It is
proposed therefore that the reducing conditions in the cytosol are involved in removal of UL49 protein.
Electron microscopic analysis revealed that capsids produced under oxidizing conditions contained a
coating of protein that was absent in reduced virions and which correlated uniquely with the presence
of UL49. This capsid-associated layer is suggested to be the location of UL49 in the extracted virion.
& 2012 Elsevier Inc. All rights reserved.Introduction
All herpesviruses have a tegument, a thick layer of protein that
lies between the virus capsid and membrane. In herpes simplex
virus 1 (HSV-1) the tegument is a major component of the virion
accounting for 40% or more of the total mass. It is composed of
approximately 20 distinct virus-encoded protein species that vary
substantially in abundance. Many tegument proteins are involved
in facilitating early events in virus infection. The tegument is
assembled into the nascent virion in the infected cell cytoplasm
as the capsid buds into a vesicle of the trans-Golgi network; it
remains attached to the capsid until a new host cell is infected
(Kelly et al., 2009; Loret et al., 2008; Mettenleiter, 2002; Morgan
et al., 1968).
Electron microscopic analysis of HSV-1-infected cells shows
that tegument detachment from the capsid occurs promptly after
initiation of infection (Granzow et al., 2005, 1997; Maurer et al.,
2008). Fusion of virus and host cell membranes results in
deposition of a tegument-containing capsid into the peripheral
cytoplasm where tegument detachment takes place. The tegu-
ment ﬁrst detaches from the capsid and eventually appears to
disperse into the cytosol where it is no longer recognizable as all rights reserved.
).unit. The tegument-depleted capsid then migrates to the nucleus
where its DNA is injected. The tegument is depleted in nearly all
capsids observed trafﬁcking to the nucleus suggesting loss may
promote successful initiation of an infection (Copeland et al.,
2009).
Analysis of cells infected with HSV-1 or pseudorabies virus
(PRV) has revealed that while most tegument proteins become
detached from the capsid as described above, three remain
associated, UL36, UL37 and US3 (Copeland et al., 2009; Granzow
et al., 2005; Maurer et al., 2008). The three are identiﬁed as
‘‘inner’’ tegument proteins to distinguish them from the larger
number of ‘‘outer’’ ones that dissociate from the capsid. The three
inner tegument proteins remain associated with the capsid as it
trafﬁcs to the nucleus and attaches to a nuclear pore (Copeland
et al., 2009; Dohner et al., 2002; Pasdeloup et al., 2009; Radtke
et al., 2010; Wolfstein et al., 2006).
Studies of the forces involved in tegument disassembly have
focused on salt concentration, protein phosphorylation and
proteolysis. When puriﬁed virions are treated in vitro with
detergent-containing buffer to remove the virus membrane,
solubilization of many tegument proteins is found to depend
critically on salt concentration (Radtke et al., 2010; Wolfstein
et al., 2006). Removal of tegument proteins UL47, UL48 and UL49,
for example, is observed at KCl concentrations (0.1–0.5 M) com-
patible with the idea that physiological ionic strength may have a
role. In contrast, the three inner tegument proteins (UL36, UL37
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are found to be resistant to detergent-KCl extraction in vitro.
A role for protein phosphorylation is suggested by the results
of experiments in which puriﬁed HSV-1 is treated in vitro with
detergent under phosphorylating conditions (Elliott et al., 1996;
Meredith et al., 1991; Morrison et al., 1998a,b). Solubilization of
major tegument protein species such as UL47 and UL49 is found
to be enhanced when they are phosphorylated at the same time. A
role for phosphorylation in tegument disassembly is consistent
with the observation that many tegument proteins are less
phosphorylated in the virion than they are in the infected cell
cytoplasm.
Two observations suggest a role for proteolysis in tegument
disassembly: (a) the tegument is removed as a unit when puriﬁed,
tegument-containing capsids are treated in vitro with low con-
centrations of trypsin (Newcomb and Brown, 2009); and (b) the
presence of protease inhibitors in HSV-1-infected cells is found to
block virus growth at a step between capsid entry into the cytosol
and attachment to the cell nucleus as expected if proteolysis is
involved in tegument removal (Delboy et al., 2008; Jovasevic
et al., 2008).
Here we describe the results of experiments carried out to test
the idea that the reducing environment of the host cytosol may
play a role in tegument disassembly. It is reasonable to suggest
this may be the case as tegument detachment correlates with
progression of the virion from a relatively oxidizing environment
in the extracellular space (or in an intracellular vesicle) to the
more reducing environment of the host cell cytosol. Experiments
were carried out with HSV-1. Puriﬁed virions were treated in vitro
with non-ionic detergent to remove the virus membrane under
control and reducing conditions. The extent of tegument removal
was then compared by SDS-polyacrylamide gel electrophoresis
and electron microscopy.Fig. 1. SDS-polyacrylamide gel electrophoresis of specimens employed for mass
spectrometry (a) and tegument protein copy number determination (b). Mass
spectrometry was carried out with puriﬁed HSV-1 that was treated with 1% TX-
100 under conditions in which most tegument proteins are expected to remain
associated with the capsid (extracellular virus; no DTT present; see Newcomb and
Brown, 2009); proteins were resolved by SDS-PAGE and stained with Coomassie
blue. Stained bands were excised from the gel and analyzed by mass spectrometry
as described in Materials and methods. The protein identiﬁcation is shown to the
right of each band. The band between bands 7 and 8 was found to be glycoprotein
D. Protein copy numbers were determined beginning with puriﬁed HSV-1 which
was treated with pronase to remove the external domains of membrane glyco-
proteins. The remaining virus proteins were separated by SDS-PAGE, stained with
Sypro Red and determined quantitatively by densitometric scanning of the stained
gel. Several protein amounts were measured to identify the dynamic range of
Sypro Red staining. The results are shown in Table 2. Protein annotations (b) are
those determined by mass spectrometry (a). The scaffolding protein (UL26.5) in B
capsid bands is indicated with an asterisk.Results
Tegument protein identiﬁcation and copy number determination
Puriﬁed virions used for analysis were characterized by mass
spectrometry to provide a positive identiﬁcation of tegument
proteins present and by quantitative SDS-polyacrylamide gel
electrophoresis to measure protein copy numbers. It was
expected that correspondence in copy number between tegument
proteins or tegument and capsid proteins might provide clues
about tegument protein location. Both mass spectrometry and
protein copy number analyses focused on major tegument protein
species including UL36, UL37, UL46, UL47, UL48 and UL49.
Control analyses were performed with four well-characterized
capsid proteins, UL19, UL25, UL38 and UL18.
Mass spectrometry was carried out beginning with stained
proteins excised from an SDS-polyacrylamide gel run with virions
from which membrane glycoproteins had been removed (Fig. 1a).
Proteins present in gel slices were digested with trypsin and peptides
present in the digests were subjected to tandem electrospray mass
spectrometry. Ten bands were analyzed as described above (Fig. 1a).
Among the ten, sequence coverage ranged from 25% to 61% with 9–
81 unique peptides identiﬁed for each protein (Table 1). In each, the
most abundant peptides were derived from one HSV-1-encoded
protein as indicated in Fig. 1a. The four known capsid proteins, which
served as controls, yielded peptides from the expected proteins as
annotated in Fig. 1a. All identiﬁed proteins corresponded to HSV-1
proteins characterized in a more comprehensive mass spectroscopy
analysis of whole virions (Loret et al., 2008).
Protein copy numbers were determined quantitatively begin-
ning with SDS-polyacrylamide gels of HSV-1 proteins stainedwith Sypro Red. Prior to analysis, virus specimens were treated
with pronase to remove the external domains of virus glycopro-
teins. This step eliminated glycoprotein bands from the stained
gels making it easier to identify tegument proteins (Fig. 1b). Tests
were carried out with a range of virus concentrations and with
control proteins (HSV-1 B capsid proteins) to conﬁrm that optical
density was in the linear range of Sypro Red staining (Fig. 1b).
Measurements were made with nine proteins, four capsid and ﬁve
tegument proteins, for which protein staining was high enough
for reliable measurements to be made (Table 2). Calculation of
protein copy numbers was done with reference to UL19 staining
which corresponds to 955 copies per capsid. In two determina-
tions (Table 2) protein copy numbers were in good agreement
with each other in all cases except UL25, a low abundance capsid
protein. The results for capsid proteins UL38 and UL18 (423.3 and
Table 1
Mass spectrometry of TX-100-treated HSV-1.
Gel band Protein name Accession numbersa Unique peptides detected Sequence coverage (%)
1 UL36 gi9290766102 gi9290766024 81 31.9
2 UL19 gi9290766093 gi9222478349 40 36.3
3 UL37 gi9222478368 gi9290766025 gi9290766103 gi99629418 28 25.6
4 UL46 gi9114318833 gi9290766106 15 27
5 UL47 gi9290766027 38 61.5
6 UL25 gi9114318813 gi9222478355 gi9290766130 gi99629405 22 52.1
7 UL48 gi9222478379 gi9259016402 gi9290766107 gi9330055 gi99629429 18 44.5
8 UL38 gi992019704 gi99629419 10 34.6
9 UL49 gi947132408 9 39.2
10 UL18 gi99629398 9 40.9
a Multiple entries correspond to multiple forms of the same protein found in the NCBI database.
Table 2
Copy number for major protein species present in pronase-treated HSV-1.a.
Protein copy number
Protein Expt. 1 Expt. 2 Avg.
UL36 175.0 129.3 152.2
UL19 955b 955 955
UL37 184.8 191.0 187.9
UL47 1254.9 1278.0 1266.4
UL25 133.4 224.4 178.9
UL48 606.2 766.0 686.1
UL38 432.2 414.5 423.3
UL49 676.9 680.6 678.8
UL18 661.5 601.9 631.7
a Copy numbers were determined by densitometric scanning of SDS-PAGE gels
stained with Sypro Red as described in Materials and methods. The gel for Expt.
1 is the rightmost track in Fig. 1b.
b Densitometric signal for individual bands was scaled assuming the UL19
signal corresponds to 955 copies per capsid.
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expected values of 320 and 640, respectively (Table 2). Compared
to a previous determination (Heine et al., 1974), copy numbers
were slightly lower as a group, but in good overall agreement. The
copy number for UL37 (187.9 copies/virion) was higher than the
previously-determined value (30–60 copies) and more compati-
ble with a 1:1 stoichiometry with UL36 (152.2 copies/virion).
Effect of a reducing environment on tegument protein dissociation
from the capsid
Extraction of intact HSV-1 virions with non-ionic detergent
(1% TX-100) was studied as an in vitro model of the way the virus
membrane is dissociated from the tegument during entry into a
new host cell. In this procedure, virus membrane lipids and
glycoproteins are removed from the virion along with any tegu-
ment proteins that are not ﬁrmly attached to the capsid or to
capsid-associated proteins. Experiments were carried out with
intact virus that was isolated by removing it from the infected cell
surface 18 h after infection. This preparation yields HSV-1 in
which tegument proteins are particularly sensitive to dissociation
from the capsid (Newcomb and Brown, 2009). A reducing envir-
onment was created by the presence of DTT, a strong reducing
agent, in the extracting solution. Virus was treated with extract-
ing solution (1% TX-100, 0.5 M NaCl plus 10 mM DTT) for 10 min
at 4 1C and capsids were then isolated by sucrose density gradient
centrifugation. Proteins remaining associated with the capsid
were identiﬁed by SDS-polyacrylamide gel electrophoresis. Con-
trol experiments were carried out with extracting solution
lacking DTT.The results showed, as expected, that extraction caused the
solubilization of major tegument components such as UL47 and
UL48 (compare Fig. 2a, lane 1 with lanes 2 and 3). In contrast,
little solubilization was observed with capsid proteins UL19, UL38
and UL18 or with inner tegument protein UL36 (Fig. 2a and b and
Newcomb and Brown, 2010; Wolfstein et al., 2006). The presence
of DTT correlated with extraction of UL49; nearly all was lost in
the presence of DTT while only partial extraction was observed in
its absence (Fig. 2a, compare lanes 2 and 3; Fig. 2b, compare top
two scans).
A control experiment was carried out to test whether UL49
extractability was affected by the initial TX-100 treatment in the
absence of DTT. Two steps of extraction were performed, the ﬁrst
in the absence of DTT and the second in its presence. The results
demonstrated that the presence of DTT led to solubilization of
UL49 whether it was present in the ﬁrst or second extraction, but
UL49 was not extracted if DTT was omitted from both (data not
shown). The results suggest that UL49 is attached to the capsid by
an oxidized linkage that is subject to disruption in a reducing
environment.
Electron microscopic analysis supported the view that the
presence of DTT caused solubilization of additional tegument
components not solubilized by 1% TX-100 alone. Virions extracted
in the presence of 1% TX-100 plus DTT yielded capsids that were
regular in shape with hexagonal proﬁles (Fig. 3, top panel). Only
small amounts of tegument were observed. In contrast, tufts of
irregularly-shaped tegument projected all around from the sur-
face of capsids prepared in the absence of DTT (Fig. 3, No DTT
panels). The overall particle diameter was found to be greater in
No DTT compared to DTT present capsids. For example, in one
experiment the difference in capsid diameter was found to be
124.074.4 nm compared to 107.274.7 nm in No DTT and DTT
capsids, respectively (Table 3).Octyl-glucoside extraction
Studies with TX-100 were extended by substitution of octyl-
glucoside (OG) to remove the virus membrane and glycoproteins.
Use of OG has the advantage for future experiments that it can be
removed by dialysis to provide detergent-free capsids and
extracted proteins. The goal of experiments with OG was the
same as those with TX-100, namely to test whether a reducing
environment created by the presence of DTT would inﬂuence
detachment of the tegument as we have hypothesized. The
experimental protocol was therefore the same as that for the
TX-100 studies. Puriﬁed HSV-1 virions were treated in vitro with
OG in the presence or absence of DTT. The proteins remaining
attached to the capsid were then identiﬁed by SDS-polyacryla-
mide gel electrophoresis.
Fig. 3. Electron microscopy of puriﬁed HSV-1 after extraction with 1% TX-100 in
the presence or absence of reducing agent (DTT present and No DTT, respectively).
The protein composition of the two specimens is shown in Fig. 2. Note that
tegument is found when extractions were performed in the absence of DTT
(arrows) but not in its presence.
Table 3
Capsid diameters of HSV-1 extracted with 1% TX-100 in reducing compared to
non-reducing conditionsa.
Capsid diameter (capsids measured)
Incubation Experiment 1 Experiment 2
No DTT 124.074.4 nm (n¼24) 122.077.5 nm (n¼93)
DTT 107.274.7 nm (n¼56) 110.975.3 nm (n¼93)
a Measurements were made beginning with electron micrographs of negative-
stained capsids as shown in Fig. 3. Microscope negatives were measured with
Photoshop CS3.
Fig. 2. SDS-polyacrylamide gel electrophoresis of puriﬁed HSV-1 virions after
extraction with TX-100 in the presence and absence of DTT. A photograph of the
Coomassie-stained gel is shown in (a) and a densitometric scan in (b). Experi-
ments were carried out beginning with HSV-1 isolated from the infected cell
surface as described previously (Newcomb and Brown, 2010). Note that UL49 is
solubilized only when DTT is present in the extracting solution.
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removal with OG as it did with TX-100. If DTT was present in the
extracting solution, UL49 was solubilized but not if DTT was
absent (Fig. 4a; compare lanes 1 and 2). No other protein
examined was affected as greatly as UL49 by DTT in the extraction
solution. The results are interpreted to support the view that a
reducing environment is involved in solubilization of UL49 from
the virion.
UL37
The results shown here and earlier by Wolfstein et al. (2006)
have demonstrated that nearly all HSV-1 tegument proteins can
be solubilized by treatment of virions with TX-100 in a reducing
environment (Fig. 2a and Fig. 2b, bottom two lanes). Exceptions
are inner tegument proteins UL36 and UL37 which were notsolubilized with TX-100 under any conditions tested. As the
means of extraction may be revealing about the protein’s func-
tion, we made an effort to identify conditions effective for
solubilization of UL36 and UL37. Two were found for UL37:
(a) extraction of virus at high OG concentration, and
(b) treatment with TX-100 at 37 1C.
OG extractions were carried out in the presence of 10 mM DTT
as described above. The results demonstrated that all major
tegument proteins except UL36 were solubilized at the highest
OG concentrations tested (Fig. 4a). Solubilized tegument proteins
Fig. 4. SDS-polyacrylamide gel electrophoresis (a) and protein quantitation (b) of
HSV-1 proteins remaining associated with the capsid after puriﬁed virions were
treated with OG and DTT (4 1C) at the indicated concentrations. For comparison,
the result with un-treated virus is shown in panel (a), lane 7. Protein bands were
visualized by staining with Coomassie blue and determined quantitatively by
densitometric scanning of the stained gel. Quantitative determination of staining
shown in (b) was done with the gel shown in (a). Note that UL49 was solubilized
only if DTT was present in the extraction medium.
Fig. 5. Sucrose density gradient analysis (a) and quantitative measurement of
capsid-associated UL37 in puriﬁed HSV-1 after treatment in vitro with TX-100 at
4 –37 1C (b). Puriﬁed HSV-1 was treated with 0.5% TX-100 in TNE plus 10 mM DTT
for 15 min at the indicated temperature as described in materials and methods.
Specimens were then analyzed by sucrose density gradient centrifugation fol-
lowed by western blotting of the gradient fractions and staining for UL37. The
position of capsids in the sucrose gradient is indicated by an asterisk. Staining in
immunoblots was determined quantitatively by densitometric scanning of the
stain signal. Note that most UL37 is solubilized when TX-100 treatment is at 37 1C
but not at 4 1C.
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was extracted at OG concentrations of 200 mM or higher. UL49
was solubilized at all OG concentrations tested as long as DTT was
present in the extraction solution. The major tegument proteins
UL46, UL47 and UL48 were extracted at OG concentrations of 50–
200 mM (Fig. 4b). The effective OG concentration was similar for
the three suggesting their method of attachment to the capsid
may be similar. Capsids remained intact at all OG concentrations
tested, and capsid proteins UL19, UL38 and UL18 were not
solubilized (Fig. 4a).
The methods described above were used to test the effect of
temperature on TX-100-induced extraction of UL37 from puriﬁed
HSV-1. Virus was adjusted to 1% TX-100 plus 10 mM DTT at 4 1C
and divided into two aliquots; one was incubated at 4 1C and the
other at 37 1C (1 h). Both mixtures were then subjected to sucrose
density gradient centrifugation, and all gradient fractions were
analyzed by SDS-polyacrylamide gel electrophoresis followed by
western blot staining for UL37. The results showed that in 4 1C
incubations most UL37 protein migrated with the capsid-contain-
ing fractions in the middle to bottom of the gradient as expected
(Fig. 5a). In 37 1C incubations, however, nearly all UL37 was found
near the top of the gradient indicating it had been detached from
the capsid. Similar experiments to identify the minimum tem-
perature required for UL37 detachment demonstrated intermedi-
ate levels of extraction at 20 and 25 1C (Fig. 5b). UL36 was notdetached from the capsid at any temperature tested. In contrast,
all other major tegument proteins were removed at 37 1C as they
were at 41 (see Fig. 2a).Discussion
Detergent extraction
The experiments described here employed detergent treat-
ment of puriﬁed HSV-1 in vitro as a model for how tegument
disassembly occurs in infected cells. Membrane lipids and glyco-
proteins are solubilized by the detergent (TX-100 or OG) leaving
tegument proteins to become detached from the capsid or not
depending on their mode of binding. The conditions required for
detachment are expected to be revealing about the way indivi-
dual tegument proteins are associated with the capsid and the
forces that need to be overcome as the tegument is removed early
in infection.
The results suggest the detergent extraction model captures
important aspects of the way the tegument is removed during
infection. For example, when TX-100 treatment was carried out
with fresh virus recently isolated from the infected cell surface,
then the tegument proteins solubilized were the same as those
lost from the capsid promptly after infection (i.e., the outer
tegument proteins; see Fig. 2; Copeland et al., 2009; Granzow
et al., 2005; Luxton et al., 2005). Solubilization was not observed
with UL36 and UL37, inner tegument proteins not detached during
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virus is harvested after it has remained in the extracellular medium
for extended periods. In this case most tegument proteins become
resistant to solubilization with TX-100 (Newcomb and Brown,
2009).
Reducing agent (DTT) was included in the extraction solution
as a way to estimate the effect of the reducing environment
present in the host cytosol (Cumming et al., 2004; Ostergaard
et al., 2004). In the cytosol the redox potential is determined
primarily by glutathione whose reducing potential (0.17 V at
pH 7; Millis et al., 1993) is comparable to that of DTT (0.33 V;
Cleland, 1964). Extraction in the presence of DTT is therefore
expected to be a reasonable way to model the reducing conditions
faced by the virus after it enters a host cell.
Although the in vitro tegument disassembly system has clear
similarities to disassembly as it occurs in infected cells, new
results need to be continuously compared to the in vivo situation.
It is easy to imagine that disassembly beginning with puriﬁed
virus in vitro might differ from de-tegumentation in the cytosol.
Ease of experimental manipulation is the main advantage of
in vitro studies. New ideas can be tested quickly without the
need to modify the intracellular environment.UL49 extraction
Including DTT in the extraction solution demonstrated that
UL49 (VP22) was solubilized in its presence, but not in its absence
(Fig. 2a compare lanes 2 and 3). Partial extraction (20%) was
observed in the absence of DTT (Fig. 2b; compare top and bottom
scans). The requirement for DTT was observed when octyl-gluco-
side was substituted for TX-100 in the extraction buffer (Fig. 4a).
The results suggest that, unlike other outer tegument proteins,
UL49 is attached to the capsid (directly or indirectly) by an
oxidized linkage, most probably a disulﬁde bond, and that the
linkage can be broken in a reducing environment. HSV-1 UL49 has
two cysteines, C202 and C246, both of which are conserved
among alpha herpesviruses and are candidates for function in
binding UL49 to the capsid. The above observations support the
idea that reducing conditions in the cytosol contribute to tegu-
ment removal from the HSV-1 capsid, at least in the case of UL49.
Electron microscopic examination of extracted virions pro-
vided information about the location of UL49 within the tegu-
ment. The presence of UL49 was found to correlate with a layer of
protein density that closely abuts the capsid surface (Fig. 3,
bottom images). This is suggested to be the location of UL49 in
the extracted virion and possibly in the intact, infectious virus.
The candidate UL49 density was not found at a particular sub-
region of the capsid (e.g., the vertices), but rather it was spread
evenly around the capsid image. The UL49 copy number (679
copies/capsid; Table 2) is compatible with binding to an abundant
capsid protein such as the major capsid or triplex proteins.
An alternative capsid location for UL49 is suggested by the
results of Zhou et al. (1999) who analyzed images of intact HSV-1
virions preserved in the frozen-hydrated state. Three-dimensional
reconstructions of such virions revealed a smooth capsid surface
with no evenly distributed additional features that could corre-
spond to UL49. It may be, therefore, that UL49 is disordered on
the capsid surface. Alternatively, the location of UL49 in the intact
virion may be distinct from its location in extracted virus.
Results with OG indicate that UL49 can be removed from the
capsid surface without simultaneously removing other tegument
proteins (Fig. 4a, lane 2). This observation suggests other tegu-
ment proteins are not attached to the capsid by way of UL49 or if
they are then the attachment is sensitive to DTT.Tegument disassembly
Observations reported to date on HSV-1 tegument disassembly
in vitro support the view that time of virus harvest may be the
most important factor involved (Newcomb and Brown, 2010,
2009). When HSV-1 is isolated promptly after release from the
host cell and treated with TX-100, nearly all outer tegument
proteins (all but UL49) are detached as they are in infected cells
(Fig. 2; Newcomb and Brown, 2010). In contrast, when harvest is
delayed, the degree of detachment depends on ionic strength with
increased detachment observed at higher ionic strength (Radtke
et al., 2010; Wolfstein et al., 2006). In both in vitro situations,
inner tegument proteins not solubilized in infected cells (UL36
and UL37) are not solubilized at any ionic strength tested (Radtke
et al., 2010; Wolfstein et al., 2006; Figs. 2 and 3).
A role for protein phosphorylation in tegument disassembly was
not addressed in the studies described here. Most tegument proteins
were detached from the capsid in experiments where no source of
protein kinases or ATP substrate was available. Phosphorylation could
play a greater role in infected cells, however, as both kinases and ATP
would be present (Elliott et al., 1996; Meredith et al., 1991; Morrison
et al., 1998a,b). Tegument disassembly could involve proteolysis, but
the enzyme(s) involved would need to be highly speciﬁc for outer
tegument proteins if outer proteins are to be removed selectively as
observed during infection (Granzow et al., 2005; Maurer et al., 2008).
A special mechanism for UL49 detachment from the capsid
(i.e., the presence of a reducing environment) may relate to its
function to suppress the activity of UL41, the non-speciﬁc
ribonuclease involved in degradation of host cell mRNAs
(Sciortino et al., 2007; Taddeo et al., 2007; Taddeo and Roizman,
2006). A means for controlling the availability of UL49 by
affecting its detachment from the capsid may be a part of the
mechanism by which the UL41 ribonuclease activity is directed
selectively toward host cell mRNA.
Tegument protein copy numbers
The copy numbers determined for tegument proteins (Table 2)
are in good agreement with previously determined values (Heine
et al., 1974). UL47, UL48 and UL49 were found to be the most
abundant tegument proteins with others present in much smaller
amounts (see Fig. 1b; Table 2). Of the copy numbers determined,
two deserve special comment. The UL25 copy number in the virus
was found to be 179, much higher than the number expected if
UL25 is present only as a component of the CVSC (i.e., 60 copies/
virion). The CVSC is a heterodimer containing one UL25 and one
UL17 molecule; ﬁve are found surrounding each of the twelve
capsid vertices accounting therefore for a total of 60 UL25
molecules (Conway et al., 2010; Newcomb et al., 2006; Trus
et al., 2007). The experimental number of 179 (Table 2) sug-
gests that there may be additional UL25 molecules elsewhere in
the virion, possibly in the tegument or attached to non-CVSC sites
on the capsid as suggested previously (Trus et al., 2007). No copy
number could be determined for UL17 because it was found to
migrate coincidently with UL47 on the gel shown in Fig. 1b. The
presence of UL17 may therefore have a small effect on the
reported copy number of UL47 (Table 2).
As indicated above, the UL37 copy number reported here
(188; Table 2) is much higher than the value reported earlier
(30–60 copies/virion; Heine et al., 1974). We suggest this differ-
ence may be due to the use of protease-treated virus in the
present study. Digestion removes all membrane glycoproteins
that migrate in the vicinity of UL37 (mainly gB and gH; compare
Fig. 1b, lane 7 with Fig. 4a, lane 7). Mass spectrometry analysis of
the band annotated as UL37 in Fig. 1a showed no trace of either
gB or gH (Newcomb and Jones, unpublished observation).
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easier to recognize UL37 and measure its staining.
It is now well documented that UL36 is able to bind UL37, and a
region of UL36 involved in the contact has been identiﬁed (Fuchs
et al., 2004; Klupp et al., 2002; Mijatov et al., 2007). The new value
for the UL37 copy number (188) is compatible with the idea that
each UL36 molecule (copy number 152; see Table 2) may contain
one bound UL37. The copy number for UL36-UL37 complexes is
intriguing in view of recent studies indicating that the two are
bound to the capsid vertices (Newcomb and Brown, 2010). Electron
micrographs show vertex-associated UL36-UL37 complexes and
immuno-ﬂuorescence studies have suggested that UL36 is bound
to the capsid by way of UL25, UL17 and UL19 (Cardone et al., 2012;
Coller et al., 2007; Conway et al., 2010; Toropova et al., 2011). Since
there are 60 CVSC structures on each capsid, the experimental value
of 152–188 copies/virion for UL36-UL37 complexes suggests there
are 2 or possibly 3 UL36-UL37 complexes for each CVSC. Alterna-
tively, a single UL36-UL37 complex may be bound to each CVSC
with the additional complexes attached at other vertex sites.
Future prospects
Some of the detergent-extracted virus preparations described
here provide promising starting material for further structural
analysis. For example, extraction of HSV-1 with TX-100 in the
presence of DTT yields intact capsids containing UL36 and UL37
as the only major tegument proteins present (Fig. 2a, lane 2;
Fig. 2b, middle track). Such capsids have the potential to be
employed for studies designed to identify the method of UL36/
UL37 attachment to the capsid (Cardone et al., 2012). If DTT is
omitted from the same extractions, then the resulting capsids
contain UL49 in addition to UL36 and UL37 (Fig. 2a, lane 3).
Further electron microscopic examination of these UL36/UL37/
UL49 capsids may reveal additional information about the
method of UL49 binding. Similar electron microscopic examina-
tion may be revealing about UL36 attachment when carried out
with OG-treated virions in which UL36 is the only major tegu-
ment protein present (Fig. 4a, lanes 5 and 6).
In the future it may be possible to make use of the observation
that OG is able to solubilize the HSV-1 membrane and most
tegument proteins. The low molecular weight (MW 292) and high
critical micelle concentration (0.7%) of OG make it able to be
removed from specimens by dialysis. Dialysis might therefore
allow detached tegument proteins to re-bind to the capsid in a
way that would be revealing about the way the tegument is
assembled to the capsid in infected cells.Materials and methods
Virus growth and puriﬁcation
All experiments were performed with the KOS strain of HSV-1
which was grown on monolayer cultures of Vero cells as
described previously (Sheaffer et al., 2001). Most studies began
with cell-associated virus that was detached from 18 h infected
cells by treatment with buffer containing 0.5 M NaCl and puriﬁed
by sucrose density gradient ultracentrifugation (Newcomb and
Brown, 2010). L particles were not observed in gradients or in
isolated virus preparations. Extracellular virus was employed for
mass spectrometry as described below.
Mass spectrometry
Analyses were carried out beginning with Coomassie-stained
protein bands excised from an SDS-polyacrylamide gel.Specimens employed for electrophoresis were tegument-contain-
ing capsids (10 mg total protein) prepared by treatment of
puriﬁed, extracellular virus with 0.5% TX-100 as described below.
Previously-described procedures were used for SDS-polyacryla-
mide gel electrophoresis and staining of gels with Coomassie Blue
(Newcomb and Brown, 2009).
In gel digestion of polyacrylamide plugs was carried out as
described by Bredemeyer et al. (2004). Gel plugs (1.8 mm) were
mixed with 100 ml of acetonitrile (Sigma, St. Louis, MO) in a 96
well plate and washed (2X) by rocking for 10 min. The plate was
then covered with a clear sealing ﬁlm, holes were poked in the
ﬁlm on each well, and the plate was placed in a speed vac for
10 min. A 0.2 mg/ml stock of trypsin (Sigma, St. Louis, MO) was
prepared in 100 ml of 1 mM triethyl ammoniumbicarbonate
(TEABC) and the pH adjusted to 8.2 using NH4OH. Trypsin, 5 ml,
was added to each dried gel plug, the plate was covered with
aluminum plate sealing ﬁlm and incubated at 58 1C for 30 min.
After digestion, 1 ml of 1% acetonitrile with 1% formic acid was
added to each gel plug. The plate was covered with aluminum
plate sealing ﬁlm and incubated at 37 1C for 1 h. The solution from
each well plate, 30 ml, was then transferred to autosampler vials
(Cobert Associates, St. Louis, MO) and centrifuged at 10,000 rpm
for 40 min.
Digested samples, 6 ml, were loaded onto a 100 mm2 cm
Acclaim PepMap100 C18 nano trap column (5 mm, 100 A˚; Dionex,
Sunnyvale, CA) with a Dionex Ultimate 3000 liquid chromato-
graph at 8 ml/min. The peptides were separated on a silica
capillary column that was custom-packed with C18 reverse phase
material (Magic, 0.075150 mm, 5 mu, 120 A˚, Michrom Biore-
sources, Inc., Auburn, CA). The gradient was pumped at 260 nl/
min from 0%–80% solvent B (20% water, 80% acetonitrile, 0.1%
formic acid) for 60 min, then to 80% solvent B for 7 min, and re-
equilibrated to solvent A (0.1% formic acid) for 10 min. The mass
spectrometry was performed on a hybrid LTQ-FT-ICR Ultra
(Thermo-Fisher, Pittsburgh, PA). The mass spectrometer was
operated in data-dependent acquisition mode controlled by the
Xcalbur 2.0.7 software. Peptide mass spectra were acquired from
an m/z range of 350–2000 at high mass resolving power. The top
six most abundant multiply charged ions with minimum signal
intensity of 800 counts were subjected to collision-induced
dissociation (CID) in the linear ion trap. Charge state rejection
of þ1 ions was employed. Precursor activation was performed
with an isolation width of 2 Da and an activation time of 30 ms.
The raw data were converted into a centroided peaklist ﬁle by
DTA supercharge 2.0a7 (MSQuant) using the default parameters.
The ﬁles were searched using MASCOT 2.2.06 (Matrix Science,
London, U.K.). The enzyme speciﬁcity was set to trypsin with
2 missed cleavages. The mass tolerance for precursor and frag-
ment ions was 12 ppm and 0.6 Da, respectively. The data were
searched against the NCBI 20101215 database. The taxonomy was
restricted to viruses of which there are 753,316 sequences. A
threshold of 5% probability that protein identiﬁcation is incorrect
was implemented. Scaffold_3_00_08 (Proteome Software Inc.,
Portland, OR) was used to validate MS/MS based peptide and
protein identiﬁcations. Peptide identiﬁcations were accepted if
they could be established at greater than 95.0% probability as
speciﬁed by the Peptide Prophet algorithm (Keller et al., 2002).
Protein identiﬁcations were accepted if they could be established
at greater than 99.0% probability and contained at least 2 identi-
ﬁed peptides. Protein probabilities were assigned by the Protein
Prophet algorithm (Nesvizhskii et al., 2003).
Tegument protein copy numbers
Protein copy numbers were determined by quantitative mea-
surement of stained bands in SDS-polyacrylamide gels of puriﬁed
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glycoproteins that otherwise interfere with stain measurement of
tegument proteins. All analyses were performed with cell-asso-
ciated virus that was harvested by TNE (0.01 M Tris–HCl, 0.5 M
NaCl, 1 mM EDTA) extraction of 18 h infected cells and puriﬁed by
sucrose gradient centrifugation (Newcomb and Brown, 2010).
Each experiment was initiated with 5 ml of puriﬁed HSV-1 in
TNE (virus concentration of 0.2 mg/ml). The solution was
adjusted to 1 mg/ml Pronase E (Streptomyces griseus; Sigma) and
incubated for 3 h at 37 1C. The resulting virus was centrifuged into
a pellet through a 0.5 ml cushion of 20% sucrose (TNE buffer; 4 1C;
centrifugation at 20,000 rpm for 30 min in a 5 ml tube; SW50.1
rotor). The virus was re-suspended in 300 ml TNE, and banded by
centrifugation on two 600 ml sucrose gradients (20%–50% sucrose
in TNE; centrifugation at 23,000 rpm for 40 min; SW50.1 rotor).
The virus was harvested from the gradients (by bottom puncture),
combined (total yield 0.5 mg virus) and used for gel analysis.
Gels were run with 5 ml–30 ml of virus sample as previously
described (see below) except that the SDS concentration was
0.05% in both the gel and the running buffer. After electrophor-
esis, gels were stained with Sypro Red (1:5000 dilution in 7.5%
acetic acid) for 60 min in the dark, and de-stained in 7.5% acetic
acid. After de-staining, gels were visualized and recorded with a
UV transilluminator (Nucleovision), and determined quantita-
tively by densitometry with UN-SCAN-IT (version 5.3; Silk Scien-
tiﬁc). Control experiments with HSV-1 B capsids (Newcomb et al.,
1993) were employed to conﬁrm that staining was in the linear
range of the Sypro Red signal. Tegument protein copy numbers
were calculated based on the staining of UL19, the major capsid
protein, assuming there are 955 copies of UL19 per capsid. Protein
molecular weights were as shown in Fig. 1a. Calculations were
made according to the equation:
Protein copy number¼ ðUL19 MWÞ  ðUL19 copy numberÞðprotein MWÞ  ðUL19 stainÞ  ðprotein stainÞ
Detergent treatment of puriﬁed virus
Extraction of puriﬁed HSV-1 with Triton X-100 (TX-100) was
carried out beginning with cell-associated virus that was puriﬁed
by sucrose density gradient centrifugation as described above.
Puriﬁed virus (200 ml; 0.5 mg/ml) was suspended in 1 ml TNE (pH
7.4; 4 1C), mixed, added to 1.2 ml 2% TX-100, 0.5 M NaCl and
mixed again. The solution was then divided into two tubes, one
was adjusted to 10 mM dithiothreitol (DTT), and both were
incubated for 5 min at room temperature. The content of each
tube (1.2 ml) was then centrifuged on a 20%–50% sucrose gradient
(in TNE); centrifugation was in a 5 ml tube in an SW50.1 rotor
operated for 50 min at 23,000 rpm. After centrifugation a single
light scattering band was observed in each gradient. This was
harvested by aspiration; an aliquot was removed for electron
microscopy; and the remainder was diluted to 1.5 ml with TNE.
The virus was centrifuged into a pellet (23,000 rpm at 4 1C in a
Beckman Optima TLX ultracentrifuge; TLA 100 rotor) which was
used for SDS-polyacrylamide gel electrophoresis. In a control
experiment, two steps of TX-100 extraction were performed.
The second was identical to the ﬁrst except that it was carried
out with virus that was not exposed to DTT in the ﬁrst extraction.
DTT (10 mM) was present in the second which was followed by
sucrose gradient ultracentrifugation, pelleting and gel electro-
phoresis as described above for the one step only extraction.
Octyl glucoside (OG; b-D-octyl glucoside; Sigma) extraction
was performed at 4 1C beginning with HSV-1 puriﬁed as described
above for TX-100 experiments. Virus (50 ml) was added to TNE
and OG (400 mM stock solution) to yield a 600 ml solution at thetest OG concentration. DTT was added as required to produce a
ﬁnal concentration of 10 mM. Tubes were mixed on ice for 15 min
and the virus was then pelleted by centrifugation in an SW50.1
rotor (22,000 rpm for 45 min at 4 1C). Pellets were used for SDS-
polyacrylamide gel electrophoresis followed by Coomassie blue
staining as described previously (Newcomb et al., 1993). Stained
gels were scanned in a ﬂatbed scanner, determined quantitatively
with UN-SCAN-IT and graphed with SigmaPlot 10.
UL37 extraction
Experiments were begun with 100 ml HSV-1 puriﬁed as
described above (0.1 mg/ml in TNE) and adjusted to 1% TX-100
plus 10 mM DTT. After mixing, the suspension was divided into
two tubes which were incubated for 1 h at 4 and 37 1C, respec-
tively. The contents of each tube were then loaded onto a 600 ml
gradient of 20%–50% sucrose in TNE containing 1% TX-100 and
centrifuged (40 min; 23,000 rpm) to band capsid-containing
structures. Both gradients were fractionated (by bottom punc-
ture) and all fractions were analyzed by SDS-polyacrylamide gel
electrophoresis and western blotting. Blots were stained with
rabbit polyclonal antibody speciﬁc for UL37 (the gift of Dr. Frank
Jenkins, Univ. of Pittsburgh; 1:5000 dilution; Shelton et al., 1994)
and visualized with ECL (Amersham).
Other methods
Previously described procedures were employed for SDS-
polyacrylamide gel electrophoresis, staining of gels with Coomas-
sie blue and western immunoblotting (Newcomb et al., 2000,
1999; Sheaffer et al., 2001). Capsids to be examined by negative
stain electron microscopy were adsorbed to carbon-Formvar-
coated electron microscope grids, stained for 1 min with 1%
uranyl acetate and air dried. All electron microscopy was carried
out on a Philips EM400T transmission electron microscope
operated at 80 keV. Images were recorded on ﬁlm, converted to
digital form with a ﬂatbed scanner and measured with Photoshop
CS3. HSV-1 B capsids were isolated from the nuclei of infected
cells as previously described except that HSV-1 was grown on
Vero instead of BHK-21 cells (Newcomb et al., 2006).Acknowledgments
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